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Plio-Pleistocene sediments and rocks beneath the
Louisiana and adjacent Texas shelves are the youngest of
several thick packages of terrigenous sediment which
prograded into the Gulf of Mexico during the Cenozoic.
Comparison of diagenesis in these young sediments (more
than 300 samples from 45 wells on the Louisiana-Texas
shelf) to di agenesis of older Cenozoic rocks at similar-
burial depths elsewhere along the Gulf margin confirms
that diagenesis is not strictly analogous among the
various Cenozoic units. There has been an evolution of
diagenesis during filling of the Gulf of Mexico.
Differences in di agenesis cannot be? attributed to
differences in bulk mineralogy of the sands because
PI i o-Pl ei stocene sands are? lithic arkoses and
feldspathic litharenites with essentially the same QFR
proportions as observed in subsurface Eocene and
Oligocene sandstones along the Texas coast. Unaltered
plagioclase is slightly more calcic (average An 24) than
unaltered plagioclase in the older rocks.
Burial diagenesis in Plio-Pleistocene sediments
has involved essentially the same processes as observed
in the older rocks, but overall, diagenesis has advanced
to a lesser degree at any given depth. Cementation by
quartz and carbonate, dissolution of potassium -feldspar
and heavy minerals, albitization of plagioclase, and the
transformation of smectite to illite have occurred in
Plio-Pleistocene sediments, but cements and altered
grains are not volumetrical 1y significant shallower than
4 to 4,5 km. The temperature at which reaction of
detrital constituents begins <approximately 90° C) is
similar to that observed elsewhere in the Gulf, but the
zone of reaction is spread over a greater depth range.
The similar temperatures observed for the advent of
detrital reactions across the Gulf basin suggest that
these processes are more highly dependent upon
temperature than upon time and that differences observed
among
the various units may be attributed, at least in
part, to variations in the geothermal gradient.
The degree of detrital grain alteration observed
viii
in these young sediments shows that significant loss of
provenance information occurs quite early in the burial
history. Alteration in the deep subsurface is very
effective in modifying the primary detrital assemblage.
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INTRODUCTION
Pliocene and Pleistocene sediments beneath the
Louisiana and adjacent Texas shelves are the youngest of
the thick wedges of terrigenous debris which have
infilled the margins of the Gulf of Mexico since
Cretaceous time. Study of petrography and diagenesis of
these youngest sands and muds was undertaken to
accomplish three related aims.
The first goal was simply descriptive.
Information on detrital and authigenic minerals in
terrigenous units of Late Cretaceous through Miocene age
has been (or is being) compiled. Similar documentation
for Plio- Pleistocene sediments is needed to complete
this data base. PI i o--Pl ei stocene sediments are of
particular interest because they represent material shed
from central North America during the variable climatic
and tectonic conditions of the latest Tertiary and early
Quaternary,
Using the descriptive data, the second goal can
be addressed —that is, to understand the diagenetic
evolution that has accompanied progressive filling of a
continental margin basin. Work accomplished to date
shows that there are significant variations in the
nature and timing of diagenesis among the different
units in the Gulf of Mexico basin (Land, 1984a; Land and
1
2Fisher;, in prep.). PI i o-F'l ei st ocene deposits represent
a temporal end member in this basin-tilling sequence and
the nature of diagenesis in these sediments will help us
understand the causes and controls at diagenetic
variation in the basin.
The (Suit ot Mexico is perhaps our most
thoroughly sampled and studied example ot a common basin
type. Models tor diagenesis in the Gulf may find
application in other Mesozoic-Tertiary, salt~intruded,
continental margin basins around the world. The simple
burial history and the relatively recent,, even on-going„
diagenesis in Quit coast sediments enables us to
constrain diagenesis in ways that are not possible tor
much older rocks now exposed as a result ot complex
tectonic histories. Thus, the diagenetic evolution ot
the Quit has implications tor modelling diagenesis in
many ancient examples ot thick terrigenous sediments.
The third goal concerns better documentation ot
the tundamental processes by which sediments are
1i thi t i ed, Alteration ot Pli o-Pleistocene sand and mud
has occurred at depths ranging trom the sediment-water
intertace to approximately 4.5 km, correspond!ng to
o o
temperatures trom about 20 to 120 C. These conditions
encompass a realm ot diagenesis intermediate between
very early diagenesis as described by Berner (1980),
3among others,, and the longer-term, hi gher-temperature
diagenesis or metamorphism recognized in the hotter
parts of deep basins and in geothermal areas (e.g.
Elders and others,, 1979; Mil liken and others, 1981),
Processes which cause lithification, including
compaction, cementation, and grain alteration, all
operate in all diagenetic zones. But, it is in the
intermediate realm of diagenesis in particular that
materials are in large part transformed from sediments
to rocks.
Previous Work on Petrology and Diagenesis
of Gulf Coast Units
Compiled in Table 1 is a list of studies on
petrology and diagenesis of Gulf Coast terrigenous
sediments and rocks in the subsurface of the Texas Gulf
margin. Also important for understanding the overall
picture of Gulf Coast terrigenous diagenesis are studies
on:
1. Underlying Mesozoic carbonate rocks Loucks
(1976), Prezbindowski (1981), Woronick and Land (in
press), Moore and Druckman (1981),
2. Pore fluids and their movement —Kharaka and
others (1978), Land and Preztoindowski (1981), Morton and
others (1981), Lundegard and others (1984).
4TABLE 1
Petrologic and diagenetic studies of subsurface
terrigenous sediments along the margin of the Gulf of
Mexico basin.
Author, date age of un i t( s) 1ocat i on
Weiss, 1979 Late Cretaceous south Texas
SI ator, 1980 Late Cretaceous N. Mexico
Merritt, 1980 Late Cretaceous N. Mexico
Boles and Franks,
1979
Eocene south Texas
Fisher, 1982 Eocene central Tx.coast
Land and Fisher
(in prep)
Eocene Texas coast
Loucks and others,
1984
Eocene, dig. Texas coast
Boles, 1982 Eocene, Qli g- south Texas
Lindquist, 1977 01i gocene south Texas
Mi 11i ken et al .
1981
□ 1i gocene central Tx. coast
Land and Mi 11i ken,
1981
□ 1i gocene central Tx. coast
Land, 1984 □ 1i gocene Texas coast
Mower and others,
1976
01 i gocene, Mi o. central Tx. coast
Freed, 1981 01i gocene, M i o. south Texas
Freed, 1982 01i gocene, Mi o. central Tx. coast
Gold, 1984 Miocene south Louisiana
53. Temperature and pressure regimes-—Sharp and
Domenico (1976); Loucks and others (1979); Jones (1969,
1975).
Detailed recitation of lithologic features and
processes described in these papers is deferred until
later sections where this information can be more
logically presented together with similar data on the
Pli o-Pleistocene.
However, the following conclusions, generalized
from the above-cited work, should be mentioned.
1. Diagenesis involves a combination of
compaction, cementation, and grain alteration. At
relatively shallow depths (i.e. less than 1500 m to less
than 3000 m, depending on the formation), cementation
dominates, whereas deeper, grain alteration is,
volumetrical Iy, the more important process.
2. In deeper zones, rock/water interaction has
been extensive- In many rocks, only detrital quartz has
yet to react with pore fluids. Reactions of various
mineral phases have markedly affected the bulk
composition (isotopic and ionic) of both rocks and
waters. The degree of alteration implies that both
water/rock ratios and distances of transport have? been
large (e.g. Land, 1984a).
3. Diagenesis has progressed to a greater degree
6and is prominent at shallower depths in older rocks. At
the ex t. r ernes
„
extensive lithification is ■found in
Cretaceous sandstones at burial depths less than one
kilometer,, but PI i o-Pl ei stocene sediments are mostly
unconsolidated shallower than four kilometers.
Conditions of Diagenesis
The following is a survey of facts concerning
the range of physical and chemical conditions which have
affected Plio-Pleistocene sediments in offshore
Louisiana. The aim of this section is to set forth,, at
least to the best of present understanding, the
constraints, which must bound any model of
Plio-Pleistocene diagenesis. It is convenient to
separate this discussion into four parts: temperature,
pressure, fluid composition, and depositional history.
The first three encompass relatively straight-forward
descriptions of conditions observed today in
Plio-Pleistocene sediments. Depositional history adds a
temporal dimension to our understanding of temperature,
pressure, and fluid composition as well as providing
some insight into volumes and rates of sediment/water
interaction within the basin as a whole.
7Depositional history
Pre-Pliocene rocks
Information on Pre-Pliocene rocks beneath the
Louisiana shelf is indirect because these rocks are
covered with a tremendous thickness of Neogene and
Quaternary sediment (on the order of 6 km). Ideas about
the nature of these rocks come primarily from
extrapolation of information known from drilling and
from seismic investigations in the deep Gulf. The
relative thicknesses and compositions of post- and
pre-Pliocene rocks in the Louisiana shelf region are
compared schematically in Figure 15 deep basinal
seisimic units are emphasized on this figure because
these sediments provide our best approximation for the
thickness and composition of sediments onto which the
Plio-Pleistocene units were deposited.
The most widely accepted idea is that the
material beneath the sedimentary section is thinned
continental crust which was attenuated during rifting in
the Early Mesozoic (e.g. Ladd and others„ 19765 Buffler
and others,, 1901). Support for this i nterpretat ion
includes plate reconstruction which places North and
South America very close prior to early Mesozoic rifting
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9(e.g, Dickinson and Coney, 1980), seismic interpretation
which indicates approximate!y 12 km at material with
crustal velocities in the area of the Mississippi fan
(Ibrahim and others,l9Bl), reasonably symmetric
distribution of salt and thicker crust on either side of
the thin (5 to 6 km) oceanic crust in the central gulf
(Buffler and others, 1981), and core samples of early
Paleozoic sialic material intruded by Mesozoic basalts
in the eastern Gulf (Schlager and others, in press).
The sedimentary section above oceanic basement
in the abyssal Gulf has been divided into six seismic
str at i graph i c units (Ladd and others, 1976) 5 (P"i gure 1),
These units today are truncated at the base of the
modern slope by the Sigsbee Scarp, a salt deformation
feature of Neogene or younger age (Buffler and others,
1978). Prior to this deformation, however, it appears
that the units of the deep Gulf were continuous farther
to the north (Worzel and Burk, 1978) and presumably
underlie, and interfinger with, Neogene and younger
units beneath the shelf.
Pliocene and Pleistocene Sedimentation
Terrigenous material, derived in large part from
the Laramide uplifts of western North America, has
dominated Cenozoic sedimentation around the northern and
10
western margins of the Gulf of Mexico (Murray, 1960).
The locus of major deposition of this sediment has
shifted on this margin several times during the
Tertiary;, moving from the west to the north beginning in
the Miocene (summarized by Martin, 1978il Winker, 1981).
Cenozoic deposition in the northern Gulf has been
exceedingly rapid and the combined Pliocene and
Pleistocene section in some places on the shelf exceeds
6 km (Woodbury and others, 1973), This corresponds to
burial rates on the order of 1500 m/m.y. Deposit!onal
characteristics of these young sediments are broadly
similar to those of older Cenozoic sediments which rim
the western Gulf margin. Sediments can be generally
divided into two major depositional types; a thick p
mud-dominated prodelta and a continental slope sequence
that is overlain by a sequence of interbedded sands and
shales deposited in more proximal deltaic and fluvial
environments (e.g. Norwood and Holland, 1974? Caughey,
1975? c.f. Galloway, 1984), The history of Pleistocene
low stands was such that fluvial and estuarine
sedimentation several times extended onto the shelf as
far as the present 90 m isobath (Shepard, I960? Parker,
1960).
Structural development in the Louisiana shelf
region has been very much dominated by syndepositional
11
features such as growth faults (e.g. Braunstein and
others,, .1973; Holland and others., 1980) and salt diapirs
which underwent most of their growth during the Late
Cenozoic (Spindler, 1977; Johnson, 1980, Stude, 1978).
□ftshore, the subsurtace Pliocene and
Pleistocene sediments are not assigned to formally
recognized formations, but rather are divided on the
basis ot toraminiferal zones. Onshore equivalents ot
these sediments are however divided into several
formations. Pleistocene formations are correlated
reasonably well with the glacial stages. Figure 2
summarizes stratigraphic nomenclature tor the
poat-Miocene section ot the northern Quit ot Mexico.
Temperature
Geothermal gradients tor the Louisiana shelt are
available trom the A.A.P.G. Geothermal Gradient Map ot
North America (1976, Region 7). This map indicates that,
within the area encompassed by this study, gradients
vary mostly trom 16 C/km to 2U C/km, reaching as much
o
as 23 C/km in the western part.
In addition, bottom hole temperatures tor wells
used in this study show linear variation with depth
(°C-0.0204 * depth <m) + 23.2 (+7° C) 5 temperatures
uncorrected), and plot along gradients that vary only
12
Figure
2.
Stratigraphic
nomenclature
of
post
-Miscene
units
of
the
northern
Gulf
of
Mexico.
Summarized
from
Bernard
and
Leßlanc,
19655
Beard
and
Lamb,
19685
Chenoweth
and
Mcßride,
19845
Ladd
and
others,
1976;
Waguespack,
19835
and
suggestions
of
W.
E,
Galloway,
personal
communication,
1984.
13
about 1° C/km depending on whether the data are
corrected with the equation of Kehle (1971). For
simplicity,, in this study a gradient of
20° C/km and an
o
initial temperature of 20 C„ will be used to calculate
subsurface temperatures.
TABLE 2
Subsurface temperatures, Louisiana She?lf
II II III) II 11II !lII1!IIIIISIIII!1II1!1)n nii 1!II ti 1!II IIIIii II II I) ii iiI! iiI!itniiI!iiii1!1!1!!!1!1!IIliii
Well No
.
(#) T.D. (m) BHT (°C) BHT <°C, corrected)*
4 3467. 1 95.5 113.9
5 3610.0 97.8 1. 1, (fb
M
1
6 1859.3 65.5 78.3
7 3355.5 86.7 105.0
0 2743.2 76. 1 92.8
9 1905.0 64.4 77.2
1 1 3854.2 115.5 133.9
12 1962.3 82.2 95.5
13 3936.5 95. 5 113.9
14 4892,0 121.1 136. 1
15 3755.7 QO O 100.6
28 3923.7 107.8 126. 1
29 4533.6 108. 9 4 ncr cr1 Z3 m uJ
30 4752.4 119.4 135.6
31 2929.1 85.0 102.2
32 4395.2 121.1 136, 1
34 3832.9 120
. 0 138.3
35 2470.4 76.7 OO O
V UiL H
36 2401.2 67.8 83.3
37 2575.2 74.4 90.5
38 2039.1 50
.
0 63.9
39 2721.9 75.5 92.2
40
h O 61.1 79.9
42 3583.2 93.3 111.7
Gradient <°C/km> 20.4 21.4
r 0.91 0.92
# Well 1 □cations shown on Figure 2.
* Corrected using Kehle’s (1971) empirical equation
14
Pressure
Little in-formation on subsurface pressure -for
the offshore PI i o-Pl ei stocene is in the public: domain.
Top-to-geopressure maps for the* Texas on-shore region
generally indicate that depth to geopressure rises
strati graphical 1y toward the coast (Loucks and others,
1979). Jones (1969) reports gradients greater than
0.465 p.s.i./ft (geopressure by definition) at depths
less than 1500 m in some offshore areas. However, a
preliminary isobaric map for the Louisiana shelf region
(prepared by D. G. Bebout, Bureau of Economic Geology),
shows that depth to a pressure gradient of 0.7 p.s.i./ft
("hard geopressure") occurs generally deeper in Neogene
and younger sediments than in older sediments of the
Texas coast. Depth to a gradient of 0.7 p.s.i./ft is
generally greater than 3000 m and is greater than 4500 m
in the eastern part of the study area.
Fluid compositions
The compositions of waters, which may have
interacted with sediments beneath the Louisiana shelf,
are constrained by what is known about the depositional
and burial history. Pore water at the time of
deposition of the major, thick deltaic sands most likely
was normal seawater. Some mixed meteoric/marine waters
15
are also possible -for this deposi t i onal setting. Pore
waters in the deeper portions of the older Tertiary
units o-f the Texas coast tend to be isotopically heavier
than sea water, a result o-f interactions between waters
18
and reacting clay minerals (up to 8 o=:+7 o/oo SMOW) or
carbonate rocks (up to +lO o/oo or more) (e.g. Land and
Prezbindowski, 196)1). As documented later in this
study, clay minerals in PI i o--Pl ei stocene rocks have not
reacted to the same extent as observed in these older
rocks, so isotopically "heavy" waters might not be
expected. Indeed, -formation waters sampled in
18
Pleistocene wells on the Louisiana shelf haveS 0 values
between +1 and -1 o/00, the range expected for
essentially unmodified deposit! onal fluids, though these#
waters are highly saline as a result of halite
dissolution (Lundegard, 1985).
CHARACTERISITICS OF PLIO-PLEISTOCENE SEDIMENTS
Sampling and methods
Samples for this study were obtained from 45
wells in 30 lease blocks on the Louisiana shelf (Fig.
3). Petrographic data are compiled in Appendix 1.
Analytical data for feldspars and clays are given in
Appendix 2. The majority of samples collected were
cuttings. Cuttings with drilling mud still included
were washed in distilled water on a wire screen. This
undoubtedly biases these samples toward the more
lithified materials from a particular interval,, but this
was unavoidable.
Point counts of sandstone were made on standard
p e t rographic t h i n sec t. i o n s tr ea te d w i t h
Na-■c;o to a 11 initr i t.e to sta i n potas s i um fe 1 d par s an d
l<-1'” hodizcd n a t e tcd st a :i. n ca 1 c;: :i, u m plagicd c 1 a s e ( s ta i n :i, n g
techn i que o f Hough to n
~
1980)
-
Twohundred p o i n ts w er e
accumu 1 a t e d o n grai n s „ res u 11 in g i n tcdtal s to e tween 30 0
and 500 po in t s for mcdst samples.
Electron mi cr oprobe analysis cdf feldspar was
done on gr ai n mounts of the >62 um f r act ion
„
ototai ned by
gravity settling. Grain mounts were traversed in a
spiral and counts were collected briefly on each grain
intersecting the electron beam. Grains which gave count
16
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18
rates reasonable for feldspars were analysed for 30
seconds.
Bulk X-ray analysis was performed on both sand
and mud samples which were ground whole without
treatment. X-ray diffraction of clay samples was done on
o
oriented air-dried, glycolated, and heated (550 C)
samples for which pre-treatments were kept to a minimum.
Samples were suspended in distilled water and separated
at 10 um by gravity settling. The <1 um fraction was
then obtained by centrifugation. Giycolation was
accomplished by adding approximately 2 cc of glycol to
40 ml of the clay suspension. All clay patterns were run
at 1 degree/min using monochromatic FeKtX radiation.
Electron microprobe analysis of <1 um clay
•fraction was done using a technique developed by Larry
Mack and Jim Wittke (The University of Texas at Austin)-
Glass beads were prepared by mixing the clay with a
carefully weighed equal part of lithium borate flux* and
o
heating at 1000 C for one hour (a technique described by
Shapiro, 1975). K-ratios for these beads were then
obtained by comparison to glass bead standards prepared
in a similar manner and the data were reduced to weight
percent oxides with a version of the Bence-Albee program
modified to account for weight of the flux (Mack and
19
Wittke, in prep.),
Stable isotopic analyses of carbonates were done
following procedures originally outlined by McCrea
o
(1950). Cal cite and dolomite were reacted at 25 C„
si derite at 50° C. All samples were routinely X-rayed
prior to analysis. Oxygen isotopic analysis of clay
samples was done on an aliquot of the <1 urn fraction
used for clay mineral identification using BrF w as
an oxidant (Clayton and Mayeda, 1963),
Fractionation factors for the interpretation of
stable isotopic data were obtained from the following
sources: O’Neil and others (1969) (calcite); Wenner and
Taylor (1971) (chlorite)s Land (1983) (dolomite);
Eslinger and Savin (1973) (illite); Eslinger (1971)
(kaolinite); Yeh and Savin (1977) (smectite).
Composition of sands and sandstones
Primary detrital components and their alteration
Bulk compositions
PI i a-Pl ei stacene sands and sandstones o-f the
Louisiana shelf region are primarily lithic arkoses and
•feldspathic litharenites (classification of Folk, 1980)
(Figure 4). The average for all samples counted is 64,9
20
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<Q)
,
10.6 (F)
,
and 16.5 (R). This average is reasonably
similar to the composition of- a sample of Mississippi
River sand, from the area of South Pass (included on
Figure 4). Grain sizes of samples point-counted are
mostly in the range of fine and very fine sand- About
50 percent of the samples contain more than 5 percent
clay matrix»
Quartz
An overwhelming majority of quartz grains in
Plio-Pleistocene sands are common quartz (classification
of Folk, 1980, p. 69-72). Among more distinctive quartz
types, stretched metamorphic quartz and vein quartz are
common (Figure 5, A and B). A few grains of volcanic
quartz were observed. Most samples contain numerous
quartz grains with abraded overgrowths, some of which
show remarkably little abrasion when viewed with the SEN
(Figure 5 C and D). These overgrowths are übiquitous at
all depths, and are not interpreted as in_si,ty quartz
cementation for two reasons. First, overgrowths appear
on only a small minority of grains (<1 percent) in
these quartz-rich sediments. Second, the sediments are
unconsolidated. In some of the deeper samples, which do
appear to have quartz cement, even small amounts of
pore—filling material are accompanied by a markedly
Fig ure 5 . Quart: z typ es ob served in PI i o-P 1e i stocen e
sands, A. Stretched metamorphic quartz (PP-93.,
depth”loo6 m). Crossed polars. B. Vein quartz.
Plane palar ized 1i ght.
22
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Figure 5 continued. C. Quartz grain with abraded quartz
overgrowth (PP-93„ depth=loo6 m). Plane
polarized light. D, Transported quartz
overgrowth observed with the SEN. Abrasion is
not apparent (PP-49, depth < 2622 m).
24
greater degree of lithification,
No evidence of quartz dissolution or replacement
was observed; neither have such features been reported
for other subsurface units of the Gulf Coast.
Feldspars
Primary detrital feldspar assemblages in
Plio~Pleistocene sands reflect compositions expected for
Mississippi River detritus (Figure 6). Variations in
this assemblage;, between samples and with depth, are
best explained as functions of grain size and diagenetic
modification, as described below.
Potassium feldspar
In thin section, potassium feldspars are
composed of approximately equal amounts of mi croc line
and orthoclase, identified on the basis of twinning or
lack thereof. These show less evidence of alteration
than plagioclase? most grains appear quite fresh or only
slightly vacuolized. Sericitization is rare. Despite
this overall tendency to appear less altered than
plagioclase at all depths, below about 3600 m potassium
feldspar is lost. by dissolution from the sands (Figure
7). In general, at depths shallower than 3600 m (~90
C), potassium feldspar appears to be quite stable, and
Figure
6.
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Figure 7. Percent potassium -feldspar in total feldspar
versus depth. Based on point counts of the >62
um fraction on the electron microprobe <•) and
on thin section petrography <x). Open circle
represents a sample of Mississippi River sand.
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Figure 8. Potassium -feldspar di agenesis. A. Small overgrowths o-f
potassium -feldspar (PP-7S7a, depth"24'ss m) . B.
Dissolution o-f potassium feldspar along cleavages
(PP-449, depth
~ 569 m).
28
Figure 8 continued.
C. Random,, "karst like" potassium
feldspar dissolution (PR-159, depth=4376
m).
29
some grains even have small overgrowths of authigenic
potassium feldspar (Figure 8A) ,
Abundance of potassium feldspar relative to
plagioclase diminishes with decreasing grain size
(Figure 9). Grain size generally decreases with depth in
the Plio-Pleistocene and thus, some portion of the
decline in potassium feldspar content might be a
function of grain size. Figure 9 however, shows that
diagenesis also affects this trend. Samples above the
depth of potassium feldspar decline display a dear-
relationship between grain size and the relative amounts
of plagioclase and potassium feldspar. Deeper samples
plot significantly above this trend, having less
potassium feldspar than samples of equivalent grain size
at shallower depth. Thus, loss of potassium feldspar
through some diagenetic process is convincing. Evidence
from the SEM as well as a few thin sections
substantiates the idea that potassium feldspar is
subject to dissolution and does not disappear through
albitization or source-area effects (Figure 8, B and
C). This supports a similar conclusion concerning
potassium feldspar in the Oligocene Frio Formation of
the central Texas coast by Land and Mil liken (1981).
Generally, though, the secondary porosity that might be
expected from wholesale removal of potassium feldspar
30
X
Figure 9. Percent of plagioclase in total feldspar
versus grain size. Two populations of samples
are apparent. Shallower than 3600 m (•) the
percent plagioclase increases linearly with
decreasing grain size (r=0.625 dashed lines
represent ± one standard deviation). Deeper than
3600 m <x) samples are more plagioclase-rich
than samples of the same grain size at shallower
depth,, strongly suggesting that the ratio of
plagioclase and potassium feldspar has been
modified through diagenesis.
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was not observed in the Plio-Pleistocene. This is not
especially surprising in light of the relatively
unconsolidated nature of the sediments and the fact that
many of the deeper samples are sidewall cores in which
textural relationships were appreciably disrupted.
The variation in potassium feldspar composition
also diminishes with depth (Figure 6). The more sodic
potassium feldspar grains are? missing from the? deeper
samples. Land and Mil liken (1981) observed a similar
contraction in the range of potassium feldspar
compositions in Oligocene sandstones of Brazoria County,
Texas, Maynard (1984) has suggested that sodic
potassium feldspars are more readily lost from sediments
during weathering and transport than other varieties,
and this may be true for subsurface dissolution as well.
The mechanism by which potassium feldspar is
removed from the sands appears to be primarily a
"surface-control led" process as described by Berner and
Holdren (1979). This is evidenced by the strong tendency
for dissolution to be localized along cleavages and/or
other crystal lographical Iy~controlled features (Figure
SB). In a few of the deepest samples, however, there is
evidence that another mechanism, perhaps best described
as "transport-control led", may also play a role (Figure
80. In these grains, potassium feldspar dissolution
32
seems to be random. In the SEN, grain surfaces appear
karst-like; in thin-section, grains are traversed by
irregular canals. The appearance of this type of
dissolution texture near the depth of complete potassium
feldspar removal is likely a reflection of the
increasing instability of the detrital grains in this
zone- It would seem that at some point, the tendency of
potassium feldspar to dissolve becomes sufficiently
great that relative energy differences between different
areas of the crystal lattice become negligible and the
crystal dissolves randomly, at a rate controlled
principally by transport of dissolved material away from
the grain.
Plagioclase
Microprobe analyses of plagioclase (Figure 10)
also reveal a depth-related trend, albeit more subtle
than the trend seen for potassium feldspar. Calcium
contents, averaging around An 25 in samples shallower
than 3300 m, are greater than unalbitized feldspar in
both Eocene and Oligocene units of the Texas Gulf Coast
(Land, 1984b; Land and Fisher, in prep.). Below 3300 m
the lower An content reflects both loss of the more
calcic plagioclase (Figure 10C) and the addition of
substantial amounts of new albite (Figure 10B).
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Figure 10, Composition of plagiaclase versus depth, A.
Average An content o-f plagioclase in the > 62 u
fraction. B. Percent of total plagioclase that
is less calcic than An 2. C. Percent of total
plagioclase that. is more calcic than An 30.
Shallowest sample (x) is sand from the modern
Mississippi River.
34
Table 3 summarizes the depth-related changes in
the plagioclase population.
TABLE 3
Depth-related Changes in Plagioclase Composition
Petrographical 1y and with the SEN, plagioclase
shows more evidence of dissolution than potassium
■feldspar at all depths (Figure 11). If all the loss of
plagioclase more calcic than AN3O is ascribed to
dissolution, the proportion of albite in the remaining
plagioclase would increase by default, but only to about
12.2 percent. Thus, a substantial portion of the
doubling observed in the amount of albite can be
reasonably attributed to al bi ti zati on: (21.47. (albite)
-
12.2 7. (original detrital albite, maximum) = 9.27.
(albitized). Based on the composition of unalbitized
plagioclase (exclusive of initial detrital albite, Table
4), and an average of 10.7 percent feldspar in the whole
rock, the amount of sodium required for the increase in
3
albite is 13 moles/m :
(10.7 7, feld) x (56 7. plag in feld) x (9 7, of
plag albitized) = 0.5 7. of rock albitized
■ ■■BBaeaBsoBsssaasasSB BK 3S 8S SB SB SB ST Si SB
”
BSBSBBBXBBBBaBSSraBBS (3 SB SiAJ 3lS Bs SB EC SSB33[3-Srac = —•
Depth '/. o-f Feld. AN content An content (-Ab) V. < AN2 •/. > AN30 n
<3300 m 56.0 24. 1 26.6 10.6 35. 9 26
>3300 m 70.6 16.7 20.8 21.4 13. 1 16
A 7.» +14.6 -7.4 GOni + 10.8 -13. 1
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Figure 11. Plagioclase alteration. A. Minor dissolution
of plagioclase., SEN view (PP-44 n depth < 2616
m)
.
B. Etch-pits in plagioclase similar to
"surface-control led" dissolution features
described by Berner and Holdren (1979) (PP-26,
depth < 1796 m).
36
0.005 cm 3 x 2.66 g/cm3 x 1/(266.3 g/mole) = 5 x
10-5 moles An26 ~ 1,3 x 10-5 moles An 100 = 13 moles/m
3
Ca replaced by Na in each m 3 of sand
A cubic meter of sand with 10 percent porosity
which contains pore fluid of sea water salinity would
have appr ox i mat el y 47 moles of sodium. Thus., only a few
pore volumes of fluid would be required to accomplish
the degree of albitization observed. More extensive
albitization, as observed in Oligocene rocks of the
Texas CSulf coast, would require sodium from some
additional source, such as salt dissolution (Land and
Mil liken, 1981).
Rock fragments
Rock fragment portions are subequally divided
between microcrystalline quartz and SRFs, low-rank MRFs,
and acidic to intermediate VRFs (Figure 12, Figure 13).
Among grains of microcrystalline quartz, some are
clearly of sedimentary origin (Figure 13A), others are
clearly silicified volcanics, and some are of uncertain
derivation. Alteration of rock fragments beyond a minor
amount of secondary dissolution was not observed, though
any feldspar contained in rock fragments would be
subject to the same types of alteration discussed in the
section on feldspars.
Figure 12. Rock -fragment triangle. Sedimentary
■fragments such as mudstone and siltstone
•fragments are combined with mi crocrystal 1i ne
quartz fragments at the SRF pole. Some
unidentified portion of the micro-quartz may be
derived from devitrifled volcanics, but
texturally these are difficult to discriminate
from true sedimentary chert. The MRF pole
includes metamorphic rock fragments, both
low-rank and high-rank., as well as some possible
plutonic rock fragments, mostly aggregates of
equant quartz and feldspar crystals. The large
variability in the triangle is due in part to
grain size variations and in part to localized
abundance of mud clasts likely formed as rip-up
clasts.
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Figure 13. Rock -fragments. A, Mi cr o-f 1 amboyant quartz
typical of silicified evaporites that are common
in the Mississippi River drainage basin <e.g.
Mil liken, 1979) (PR-118, depth==2229 m) . Crossed
polars. B. Siltstone -fragment <99-439, depth“443
m). Plane polarized light.
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Figure 13 continued. C. Muscovite phyllite -fragment from
Mississippi River sand. Similar fragments are
also observed in the Plio-Pleistocene. Crossed
polars. D. Volcanic rock fragment. A common type
of VRF in Plio-Pleistocene sands, this grain is
made of plagioclase laths in a matrix which
stains with sodium cobaltinitrite, suggesting
the presence of fine-grained potassium
feldspar(PP-772, depth=273B m) , Plane polarized
1i ght.
39.
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Figure 13 contiunued. E. VRF made of plagioclase laths
with a highly altered groundmass. Alteration
appears to be primarily iron oxides and/or
sulfides, suggesting the former presence of
f erromagnesi an minerals (PP-81, depth=s 2272 m) .
Plane polarized light. F. Highly clay-altered
VRFs typical of Plio-Pleistocene sands (PP-74,
depth-2036 m). Plane polarized light.
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Included among SRFs are a number of carbonate
crystals;, typically mono-crystalline dolomite;, which are
interpreted as detritus -from carbonate rocks (Figure
14). An alternative, of course, would be to interpret
these crystals as grain replacements, features which are
commonly observed in older Tertiary rocks of the Gulf
Coast (Loucks and others, 1979). However, a detrital
origin seems more likely for the carbonate grains in the
Plio-Pleistocene for the following reasons:
1. The crystals are not particularly
euhedral. Within a particular sample the
grains exhibit a wide range of idiomorphism,
suggesting they have been subject to
abrasi on.
2. No examples of partially replaced grains
were observed. In the older Tertiary rocks
of the Texas coast, partial replacement is
common and convincing.
3. Mississippi River sand contains carbonate
grains, clearly detrital, which resemble the
carbonate grains in the Plio-Pleistocene in
size, petrographic appearance, and abundance.
4, Stable isotopic analysis of carbonate in
c
18
the Mississippi River sand <o Q"-4.7 o/oo
PDB, S
I3
C“-1.7 o/oo PDB) is consistent for
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Figure 14. Carbonate crystals interpreted as detrital
grains. A. Carbonate grain (probably dolomite)
with a small overgrowth (probably siderite)
(pp_ 77o, depth-2737 m). Plane polarized light.
B. Dolomite grain -from Mississippi River sand.
Plane polarized light.
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Figure 14 continued. C. SEM view of abraded and pitted
carbonate? grain (PP-12, depth < 1780 m)
.
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material derived -from Phanerozoic carbonates
ot the mid-continent. Carbonate samples -from
the Plio-Pleistocene which are comprised
primarily of the detrital-looking dolomite
crystals have oxygen values similar to that
of carbonate in Mississippi River sand,
though carbon values tend to be slightly
heavier (Table 4),
TABLE 4
Carbon and Oxygon Isotopic Composition of Dolomite Grains in
Sandstones
Minor detrital constituents
The most abundant minor constituents are
skeletal debris, opaque and non-opaque heavy minerals,
and glauconite. The average amount ot these minor
constituents in the consolidated samples reported in
Appendix i is 1.2 percent at the total rock volume.
Number Depth (m) £
18
0
mnaaass
(PDB)#
assoBsssaaBan
S c (PDB)#
BisasaixaBsaaaa
Weight 7.*
Miss. R. 0 -4,7 -1.6 0.7
PP-12 1780 (md) -4.0 -0.4 3. 7
PP-13 1782 <md) -5.0 +0, 1 3. 6
PP-18 1785 (md) -4.5 -0. 3 3.7
PP-66 1629 -4.7 -0. 7
PP-2S8 5046 -5.2 -1.9 3.0
#±0.1 o/oo
* Determined manometrical 1y
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Skeletal debris
Invertebrate skeletal debris -found in the sands
includes pelecypods, gastropods, echinoids, foraminifens
(benthic and pelagic), corals (Oculina sp.), and
serpulid worm tubes. Invertebrate assemblages on the
modern shelf contain similar organisms (e.g. Parker,
1960).
Several interesting examples of pressure
solution of skeletal debris were observed (Figure IS).
Some of these examples are from quite shallow depths and
it is possible pressure solution may be important in
removal of skeletal debris from the sediment and to
early recycling of this material into authigenic phases.
Heavy minerals
Opaque heavy minerals present include magnetite,
ilmenite, pyrite (mostly authigenic?), and leucoxene.
No attempt was made to estimate the relative percentage
of these minerals or their possible variations with
depth. No evidence of opaque mineral dissolution was
observed in thin section, although etching of these
grains was seen with the SEM.
Non-opaque heavy minerals show an interesting
variation with depth (Figure 16), Heavy mineral
assemblages in Gulf Coast rivers and on the modern shelf
46
Figure 15. Pressure solution o-f an oyster -fragment;,
penetrated by quartz grains (PP-172,, depth-2971
m). Plane polarized light.
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Figure 16. Occurrence of heavy minerals in
Plio-Pleistocene sediments. Based simply on
presence/absence as observed in thin section.
Lines are solid where a mineral is observed in
most samples and dashed where the mineral is
observed in only a few samples. Staurolite
distribution is similar to that of kyanite.
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are fairly well documented (e.g. Van Andel, I960; Davies
and Moore, 1970). Based on comparison with this
published data, the heavy mineral assemblage in
Plio-Pleistocene sands above about 1500 m is similar to
that being deposited today. Below this depth the heavy
mineral assemblage changes as the relatively less stable
minerals become less abundant and ultimately disappear.
In the deepest samples, only tourmaline and zircon and a
minor amount of garnet remain. Preferential removal of
relatively unstable minerals is the trend expected if
dissolution is responsible for the changing mix of heavy
minerals. If the change resulted instead from a
changing balance of metamorphic versus volcanic sources,
the order of disappearance would not necessarily
correlate so closely with relative chemical stabilities.
Morton (1984) reports similar diagenetic trends in the
distribution of heavy minerals in Tertiary sands of the
North Sea basin.
Petrographic evidence confirms that, indeed,
non-opaque heavy minerals are subject to dissolution
(Figure 17). Authigenic phases such as chlorite or
kaolinite were not observed in the vicinities of
leached heavy minerals (nor around leached feldspars).
It seems likely, then, that the dissolution mechanism
was a rather open-system process, at least on the scale
49
Figure 17. Partial dissolution ot hornblende (PP-770,
depth=2737 m). Plane polarized light.
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of a few centimenters, and probably over even greater
di stances.
Source area implications
The location and orientation of the major
Plio-Pleistocene depocenters suggest that the source of
these sediments was more or less equivalent with the
drainage of the modern Mississippi River (Winker, 19815
Figure 18). Source rocks contributing sediment to the
Mississippi have the approximate areal proportions shown
in Figure 19, Each of these source terrains is
represented in Plio-Pleistocene sands, though not
necessarily in amounts proportional to their areas.
Sedimentary rocks cover a vastly greater proportion of
the area than igneous and metamorphic terrains. Judging
from the abundance of calcic pi ag ioc 1 ase, sod ic:
potassium feldspar, volcanic rock fragments, and
unstable heavy minerals, detritus from non-sedi merit ary
sources i s over-r ep r esented, Thi s apparent
over-ab un d a n c e ma y ari s e ta eca us e muc: h of I: hi s unst a b 1 e
mate ri a 1 i s ac t ually recyc 1 e d , Fo r insta n c e, bot h the
lar ge expa n se o f ear 1 y Tert i ar y sedi me nt sh e d fro m the
Roc: ky Moun tai ns and the nort her n thi r d of the basi n
cove re d b y glac i a 1 sedi me n t may ha v e contri b ute d
sign i fi can t amount s of unstable detri t us - Chat ter-mark
51
Figure 18. Inferred source areas for Cenozoic sediments
in the Gulf of Mexico basin. (from Winker,
1981). Stippled areas along the coast represent
the major depocenters.
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tr ai 1 s ob iser ved an th e sur f ac: es □ f a few garnets give
credence to the idea that some portion of the sediment
was derived from glacial deposits (Folk, .1975)
The extent of detrltal grain alteration observed
in the Plio-Pleistocene has several implications
regarding source-area interpretations. Comparison of
feldspar compositions in igneous and metamorphic rocks
(compiled by Trevena and Nash <l9Bl, Figure 20) and
feldspar compositions in Plio-Pleistocene sediments
(Figure 6) reveals that:
1. Plagioclase more calcic than AN6O has not
survived transport.
2. Most plagioclase in the Plio-Pleistocene
falls within the field of plutonic
pi agi oclase.
3. Albite is somewhat more abundant in
samples above the zone of feldspar alteration
than would be expected from either
metamorphic or igneous sources, suggesting
that albitized grains derived from altered
sedimentary rocks may be present.
4. Within the zone of feldspar alteration,
albitization and dissolution of potassium
feldspar has caused considerable loss of
information about the source. Certainly, this
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is equally true of heavy mineral dissolution.
A more advanced stage* of information loss is seen
in the deeper parts of Tertiary units along the Texas
coast where albitization and potassium feldspar removal
are complete (Land and Mil liken
,
1981;, Boles, 1982, Land,
1984; Land and Fisher, in prep.). Similar examples of
alteration should be easy to recognize, even in older
rocks of uncertain source. The importance of alteration in
these Plio-Pleistocene sediments is that it shows the
rapidity and subtlety with which these processes begin. In
less than 5 million years plagioclase greater than AN3O
has been diminished by one third, albite has doubled in
abundance, and half the potassium feldspar has dissolved
(speaking in general about the sediments below 3 km), all
without the rigors of meteoric-water diagenesis. Yet, this
same highly modified detrital assemblage, if found in a
much more ancient sandstone, could easily go unrecognized.
Interpretations of both source area tectonics (e.g,
Dickinson and Suczek, 1979) and source area lithologies
are seriously compromised by subsurface alteration of
detrital mineral assemblages.
Pore-filling authigenic components
Cementation at Plia-Pleistocene sediments
resembles that in older Tertiary units of the 03ulf Coast
56
in that carbonate and quartz are the dominant cements,
but the degree of cementation is tremendously less.
Samples of essentially unconsolidated sand are found at
depths as great as 4 km in the Plio-Pleistocene.
Carbonate cements
Calcite, dolomite, and siderite, in various
combinations, are all locally important cements in
Plio-Pleistocene sediments. So localized, in fact, are
cement occurrences that each example of significant
cementation (> 27. by volume as determined in thin
section) can be discussed individually. Table 5 is a
compilation of data used in the following discussion;
examples are discussed in order of increasing depth.
TABLE 5
Data Summary -For Carbonate-cemented Sandstones*
Example 1, Shallow dolomite with variable
morphology: Two wells (24 and 26), drilled from a single
■BassBaaaaxsBsaasaasxBSSBrsasaKSBas
Example Depth (m) Mineral
888888888388888
■/. of rock S
18
0
2 38 38 8B 8C SB 8B 38 88 S3 38 SB 38 38 38 38
C13_ 8 7
y
86
6 C Sr/ Sr
1 <1000 dolomite 40 +4.0 -39 .7097
2 (host rock) 2200 calci te 65 -5.2 +21.4 .7084
si deri te -1.5 +3. 1
(concretion) si derite -0.3 +10.0 .7089
3 2600 calci te 37 -0.4 -12.9
4 3000 calci te? 35
5 4500 dolomi te
SB 9B 9SB —» BB B> BB BZ SI SI
10 -6.8
mmmmm mmme mm n ■»» mm as hb *n mu
-4.7
31 SC SBSBSC SB SS 8188 SB 9B88888888 88 8838 SB 8888SB 88
￿some quantities are
as Si ***** ***** MM* *BB mam *****
averages of values determined on two samples
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platform in the Eugene Island area, contain an
interesting occurrence of dolomite cement, unfortunately
observed only in cuttings. Cuttings with cemented
sandstone in these wells are found in the depth range of
457 to 760 m (approximately). In general, the bulk of
sand in this interval is unconsolidated. In thin
section (PP-430, PP-449), the cement appears as coarse,
crudely bladed, isopachous rims on grains (Figure 21 A)
which comprise about 40 percent of the rock. In SEM, an
incredible morphological diversity is revealed (Figure
21 B-D). Associated with the dolomite-cemented
sandstone cuttings are pieces of dolomicrite (PP-447)
containing approxi mately 75 percent dolomite by weight,
the rest being fine-grained silicate detritus.
Presumably these dolomicrites occur as thin interbeds
with the dolomite-cemented sandstones. Isotopical Iy,
the dolomite in both cemented sand and dolomicrite is
r
lB
rather heavy with respect to oxygen (average 6 0“-t-4
o/oo) and extremely light with respect to carbon
13 87 86
(average S 0-39 o/oo). The Sr/ Sr ratios of two
dolomicrite samples are also somewhat unusual (Table 6)
as discussed below. Depth of these samples constrains
the possible range of temperature rather narrowly, so
that the fluid responsible for precipitation of the
dolomite must have had an oxygen composition very near 0
58
Figure 21. Shallow dolomite cements. (PP“449j, depth=s69
m). A. Bladed crusts as seen in thin section.
Plane polarized light. B. SEN view of dolomite
cement.
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Figure 21 continued. C, D, SEN views of two dolomite
morphologi es.
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o/00. Meteoric water would require temperatures higher
than the maximum possible for these samples ('MO C).
Extremely light carbon isotopic values have been
reported for several occurrences of near-surf ace
carbonate cementation in terrigenous marine sediments
(e.g. Deuser, 1970; Russel and others, 1966; Roberts
and Whelan, 1975), and these are generally ascribed to
precipitation associated with oxidation of organic
matter or biogenic methane. This interpretation seems
entirely reasonable for this occurrence of dolomite as
well, although the Sr isotopic values are somewhat
difficult to explain.
Strontium in the dolomite could be made
8 7
radiogenic in at least three ways. Sr could be
delivered through: meteoric input, adsorbed Sr released
by clays soon after burial, or deep basinal fluid
channelled through highly localized fluid pathways. The
first possibility seems clearly ruled out by oxygen
isotopic composition of the dolomite. Likewise, water
of deep basinal derivation would likely be of
inappropriate oxygen composition unless the fluid was
also warm. Release of adsorbed Sr, while an interesting
possibility (suggestion of Larry Mack, 1984, personal
communication), cannot be assessed without a larger data
base for Sr ratios in Gulf coast pore fluids.
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Example 2, Early carbonate concretion; One
example of concretionary carbonate was observed in well
10 in the South Marsh Island area (PP-142, depth-2213
m)
- Heavy carbon values for both siderite (in the
concretion) and calcite and si derite (in the host rock)
suggest that precipitation was associated with reduction
of organic matter, as described by Curtis (1978).
Oxygen values for calcite in this sample would permit
precipitation in either brackish water at about 20° C or
precipitation from slightly enriched water at slightly
elevated temperature. The fractionation equation for
siderite is disputed <cf. Fritz and others, 1971 and
Hangari and others, 1980), so conditions of siderite
precipitation cannot be similarly evaluated. Because
major reduction of organic matter occurs primarily
within the first few hundreds of meters of burial
(Curtis, 1978), a fairly early age for these nodules
seems likely. This is supported by the fact that
carbonate comprises over 65 percent of the rock (based
on point-count data) and, lacking evidence of extensive
grain replacement, must have been introduced prior to
extensive compaction. Strontium isotopic evidence is
consistent with siderite precipitation essentially
8 7
concomitant with deposition in the late Pliocene ( Sr/
86
5r=0.7009) followed by calcite precipi tation somewhat
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later in the burial history ( Sr/ 5r=0.7084) -from
water influenced by dissolution of older Tertiary
nannofossils.
Petrographical Iy, calcite in the host rock is
undulose and nearly fibrous. Si derite in the host rock
occurs as 15 to 30 urn, brown rhombs. Detrital carbonate
grains in the rock are coated by uniform rims of
siderite (Figure 22), slight evidence that siderite
precipitation indeed preceded formation of calcite.
Crystal size of siderite within the nodule is variable,
ranging from around 4 to 10 urn. It is possible that
siderite, especially where fine-grained, envelopes
detrital clay, though this is difficult to evaluate.
Example 3, Nondescript cal cite: Approximately 37
percent of sample PR-44 (well 3, Eugene Island area,
depth <2616 m) is composed o-f cal cite cement (Figure 23
B)
. Despite this high percentage o-f cementing material,
this sample remains essentially unconsolidated,
Isotopical Iy, this sample is quite light with respect to
tooth oxygen (-8.4
o/oo) and carbon (-12.9 o/oo). In
18
water o-f S o=o this would require a temperature of
nearly 60° C, which is within the realm of possibility
for this sample, though lighter water at a lower
temperature is also possible. The light carbon also
suggests influence of organic-derived carbon in this
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Figure 22, Siderite-calcite
concretion (PR-142,
depth-2213 m>. Plane polarized light.
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Figure 23. A. Poikilatopic cal cite <PR-172, depth-2971
m). Crossed polars. B. Non-descript calcite
depth < 2616 m). Crossed polars.
cement.
Example 4, Poikilotopic cal cite: Sample PP-172
(well 11, South Marsh Island area, depth-9747) contains
approximately 35 percent poikilotopic cal cite (Figure 23
A). This cal cite appears to be strictly a pore-filling
phase; grains are not replaced. The amount of this
material recovered was too small for isotopic or other
analysi s.
Example 5, Patchy dolomite: In some of the
deepest cuttings examined in this study, highly
lithitied sandstone -fragments contain quartz, -feldspar,
and carbonate cements (PP-159, P-157, South Marsh Island
area, depths= ! 4376 m, 4552 m, respectively). Carbonate
in these samples is patchy and mostly dolomite. Staining
shows this carbonate to be ferroan. The distribution of
this dolomite suggests that carbonate precipitation
occurred after significant compaction and may in
substantial part represent replacement of silicates
18 13
(Figure 24). Stable isotope data ( S 0«-6.S, S C~-4.7)
also suggest that this carbonate formed at somewhat
o
elevated temperature, as high as 80 C if the water were
+l, This is still somewhat lower than the present
o
temperature <
~ 110 C) for this sample.
Carbonate minerals are the most abundant
65
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Figure 24. Late dolomite cement and/or grain-replacement
(PR-159,, depth=4376 m) . Crossed polars.
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cementing agents in the Plio-Pleistocene. This resembles
the general nature of cementation in older Tertiary
rocks of the Texas Gulf coast (e.g. Loucks and other,,
1983; Fisher, 1983). The overall abundance of carbonate
cementation, however, is much less than the averages of
5.3 percent in Frio and 3.3 percent in Wilcox sandstones
(Appendix 2) (Land and Fisher, in prep.). Furthermore,
si derite and dolomite are common in Plio-Pleistocene
sediments while rarely found in older Tertiary units.
In general, carbonate cementation observed in
this study is a highly localized phenomenon. No unified
model for the origin of these carbonates can be applied;
the major occurrences appear to represent a number of
unique situations, encompassing a wide range of burial
conditions, from the sediment/water interface to present
conditions at maximum burial. Also in contrast to older
Tertiary units is the observation that siderite is
common in the Plio-Pleistocene.
Silicate cements
Silicate cement observed in Plio-Pleistocene
sediments includes quartz, potassium feldspar,, albite,
and kaolinite, Quartz overgrowths transported from older
source rocks occur at all depths, as previously
mentioned. Quartz precipitated in situ
, however, is
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only observed in sediments deeper than about 4 km. In
contrast to transported quartz overgrowths, quartz
cement is observed more or less uniformly throughout
individual rock samples and is accompanied by a
substantial increase in the degree of lithification. The
maximum percentage of quartz cement observed is 4.4
percent (PR-159, depth-4376 m, Figure 25 A) and most
samples with quartz cement contain less than one
percent. Quartz cement was observed most readily with
the SEM (Figure 25 B).
Overgrowths of both potassium feldspar and
albite were also observed. Overgrowths (Fig. 8A) on
detrital potassium feldspars are common, but very small,
and were only observed with the SEM. Occurrence of
potassium feldspar overgrowths is restricted to samples
deeper than about 2000 m.
Albite overgrowths were found only on
plagioclase grains and were seen both in thin section
and with the SEN (Figure 26, a and c). Their occurrence
is restricted to samples deeper than 3600 m. Formation
of euhedral textures on detrital plagioclase grains has
been suggested as evidence for a
dissolution/repreciptation mechanism for albitization in
sandstones (Eioles, 1982). Euhedral textures
characterize albitized plagioclase in the Gligocene Frio
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Figure 25. Quartz cementation. A. Extensive quartz
cementation seen only in two of the deepest
samples (PP--157., depth-4552 m) , B. SEM view
(PP-157,, depth-4552 m) . Crossed polars.
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Figure 26. Plagioclase overgrowths associated with
albitization. A. Albite overgrowths seen as
clear rim on highly vacuolized and leached
albitized piagioclase, Frio Formation, Brazoria
County, Texas (depth >4500 m>. Plane polarized
light. B. Typical appearance o-f albitized
plagioclase as seen in the SEM, Frio Formation,
Brazoria County, Texas (depth >4500 m).
Figure 26 continued. C.
Albite overgrowth in
Plio-Pleistocene sandstone <PP~IS7„ depth-4552
m). Crossed polars. D. Aggregate of euhedral
albite crystals of albitized grain in
PI i o-Pl ei stocene sample (PP-497,, depth-4518 m)
SEN view.
71
72
Formation and overgrowths on these grains clearly
post-date partial dissolution of these grains (Figure
26, b and d ). Similar appearance of overgrowths on
Plio-Pleistocene plagioclase and their coincidence with
the depth of incipient albitization suggests that their
development in these sediments, too, is closely tied to
the mechanism by which the detrital assemblage is
altered.
Kaolinite cement (Figure 27) was observed most
easily with the SEN. It occurs mostly in samples below
about 3600 m, though not every sample below this depth
contains kaolinite. Sample PP-275 (depth-“4415 m) with
1.8 percent contained the most kaolinite observed. Most
samples with noticeable amounts of kaolinite contain
less than 0.5 percent. Kaolinite is a pore-filling phase
and no relationship was noted between the presence of
this cement and altered grains.
Composition of Mudstones
Primary detrital components and their alteration
Clays
In samples shallower than about 3600 m the clay
mineral assemblage observed in this study is essentially
Figure 27, Kaolinite cementation. A, SEM view of
vermicular kaolinite (PR-158, depth=42BB m) £*.
Pore—filling kaolinite seen in thin section,
Cross-polars. (PP--275,, depth-4415 m) .
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identical to the one -found in muds from the lower
Mississippi River and on the modern shelf (cf. Johns and
Grim, 1958; Pinsak and Murray, 1960; Taggart and Kaiser,
I960; Scafe and Kunzel, 1971; Potter and others, 1975).
Estimates from these papers and this study suggest that
the assemblage is dominated by smectite (507.) and
detrital illite (307.) with a lesser amount of kaolinite
(157.) and a very small percentage of chlorite (57.)
(Figures 28 and 29) and shows scant variability either
geographical 1y or with depth.
Beginning in the depth range of 3600 to 3900 m,
smectite in some samples has undergone transformatl on to
a mixed-layer smectite/illite which progressively
acquires an increasing proportion of illite layers with
increasing temperature (Figures 29 and 30). This
reaction is accompanied by an increase in potassium
(Figure 31), presumably garnered from potassium-bearing
phases in the coarser fraction of the mudstone or from
sandstones. Other depth-related trends in composition
are decrease in total iron and increase in Al 2 0a (Figure
32), both also logically interpreted as the results of
changing proportions of illite and smectite layers.
Quantifying the extent of this reaction by the
technique of Reynolds and Mower (1970) is difficult
because of the large quantity of detrital illite that is
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Figure 28. Di-f-fraction patterns o-f unaltered clay
mineral assemblages.
Figure 29. Diffgaction patterns of deep clay samples.
The 17 A smectite peak progress!vely diminishes
with depth and, in the deepest sample, has
shifted slightly toward higher angles.
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Figure 30. Ratio of 10 A (illite) and 14 A (smectite)
peak heights versus depth.
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Figure 31. Weight percent K 2 O in the <1 urn traction
versus depth.
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Figure 32. Weight percents of FeO and A1 2 0 3 in the <1
um fraction versus depth.
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present. X-ray diffraction peaks for this illite
substantially interfere with reflections from
mixed-layer components. Rettke (1976) has discussed
interpretation patterns from complex clay assemblages
o
and recommends that the shape of the 17 A peak
(specifically;, the ratio of the "saddle" intensity to
o
the intensiy of the 17 A peak) be used as a rough
indicator of the amount of illite in mixed-layer clay.
As the proportion of illite nears 40 percent the
reflections on the low-angle side of the peak increase
and the peak becomes much less sharply defined, as seen
in the lower five samples in Figure 29. Based on this
o
qualitative assessment of 17 A peak shape, a few vague
diffraction maxima interpreted as higher order
reflections from the smectite, and on the slight shift
of the mixed-layer peak in the deepest sample (PP-280),
it appears that the percent of illite in the mixed-layer
clay ranges from about 20 percent above 3600 meters to a
maximum of about 50 percent by 4800 m.
Stable isotopic data for clays in the <1 urn
•fraction (Figure 33) do not really add to our
understanding of the conditions of clay reactions.
Clays above and below 3600 m do not differ significantly
18
in 8 0- The oxygen isotopic composition of samples at
all depths can probably be best explained in terms of
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Figure 33. S 0 (SMOW) of the <1 urn fraction.
the isotopic compositions of the detrital clays
(fable
6). If "light" clays from metamorphic source
rocks
(detrital illite and chlorite) and "heavy" clays formed
by weathering reactions (smectite and kaolinite) are
present in about equal abundance,, the resulting mixture
should have an oxygen isotopic composition of around 17
permil, the average observed for these samples. If
smectite comprises a maximum of 50 percent of these
'samples (an estimate consistent with the above-cited
references on Mississippi River muds), and this clay has
added an additional 30 percent illite layers during
reaction, then the total amount of "new", authigenic
o
clay is around 15 percent of the <1 urn fraction. At 100
8
18
o*+l, this material would have an
oxygen isotopic composition of around +15.5. Thus, i t
is not surprisin g th a t reac ti on of smec ti t e ha s not
1 8
pr<3d uce d a discer nib 1 e shi f t i n S 0 .
TABLE 6
Theor 0 t ic a 1 oxy g en Isot o p i c Compos i t i on s o f Det. r i 1 a 1
Clay s i n Missls s i p p i R i ver Mu cl
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Mi neral Assumed Temp. (
0
C) Assnmed 8
18 . r 18
G o 0
111ite 200 -t-7 + 13. 1
Ch1 or ite 250 +7 + 0.0
Smect1te 15 -6 +21.5
Kaoli ni te 15 -6 +21.5
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Temperature at the beginning of the smectite to
illite transition, 90° to 100° C, is the same or even
slightly less than temperatures observed near the top of
the clay transition in older Tertiary units of the Texas
Gulf coast (Mower and others, 1976; Freed, 1981).
Mowever, the maximum amount of illite layers observed in
Plio-Pleistocene mudstones corresponds to about the
midway point of similar reactions observed in these
older rocks, which acquire a maximum of about 80 percent
illite by a temperature around 140° C. Bruce (1984) also
reports this limited extent of reaction for clays in the
offshore Pliocene and ascribes the lesser degree of
reaction to a smectite composition that is less reactive
(beidellite as opposed to montmorillonite in older
sediments of the Texas Gulf coast).
Progressive increase in chlorite and
disappearance of kaolinite have been observed over the
same depth range as the smectite/illite transition in
□ligocene mudstones (Mower and others, 1976), but
neither trend is apparent in Plio-Pleistocene mudstones
(Figures 34 and 35).
Coarse fraction components
Coarse -fractions <>lo urn) of mudstones were
examined with the SEN and with the petrographic
84
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Figure 34, Ratio of 7 A (kaolinite) and 10 A (illite)
peak heights versus depth.
Figure 35- Diffraction patterns of representative
heated <sso° C> samples from different depths.
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mi c rose ope, although no point count;; wore at temped.
Mostly, this material consists of quartz, with
feldspars, micas, pyrite, and carbonate all present in
amounts somewhat greater than those observed in
associated sandstones. With the exception of pyrite
(present as framboids) and some carbonate, no convincing
examples of authi genic minerals or alteration of
detrital grains were observed in the the >lO urn
fraction. Alteration of feldspars in mudstones through
dissolution or al bi ti za\t ion may represent a process of
volumetric significance in Gulf Coast mudstones (e.g.
Land, 1984), but judging from SEN observation and X-ray
data (bulk samples and >lO urn size fraction), any such
reactions in these mudstones are sufficiently subtle
that study with the electron probe may be necessary to
document them. Potassium feldspar, for instance, is
present in all mudstone samples X-rayed and no decrease
with depth is discernible from diffraction patterns of
whole rock powders.
The origin of carbonates in the mudstones is
complex, as in the sandstones. Carbonate is present as a
mixture of calcite, dolomite, and siderite (Table 7)
which represents a more complex assemblage than has been
reported for older Tertiary mudstones in Texas (Mower
and others, 1976, Freed, 19815 Mil liken and Land, 1982;
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Fisher, 1982).
TABLE 7
Abundance of Various Calcite~Dolomite-Siderite
Combinations in Plio-Pleistocene Mudstones <167 samples)
Clearly;, the carbonates represent some
combination of terrigenous detritus, allochemical
debris, and authigenic material. Carbonate grains
observed in grain mounts o-f the >lO urn fraction closely
resemble similar grains interpreted as detrital in the
sandstones <p. 17-18). Allochemical components
identified in the mudstones are mostly pelagic forams,
but also include bits of moll usean debris and echinoderm
parts. No signifcant concentrations of coceolith
material were identified. Si derite in the mudstones must
represent an authigenic component because this mineral
has never been reported in Mississippi River sediment or
in surface sediments of the modern shelf. Some portion
of cal cite and dolomite may also be authigenic, but this
is difficult to evaluate in light of the known detrital
Assemblage* Percentage
C + D 17.4
C + D + S 14.4
S 13.2
D 10.8
S + D 7.8
C + 8 (S
■
0
C 4. 8
No Carbonate 25.7
* C=calcite, D“dol omi te, S :=siderite
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and allochemical components. Table 8 summarizes stable
isotopic data -for carbonates in mudstones. Neither
calcite nor dolomite show any discernible isotopic trend
over the depths examined. In general, carbon values for
cal cites are somewhat heavier than those reported for
cal cites in older Tertiary mudstones in Texas (Yeh and
Savin, 1977; Land and Milliken, unpublished data) and
oxygen values are, surprisingly, lighter. Lighter
oxygen may result from the detrital component or from
the effect of early brackish water diagenesis.
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TABLE 8
Isotopic Composition of Carbonates in Mudstones
liIIifII(1
II
it liiiniiII II i! ii I) siissssssissssssitssisstssissrsss; ’** ***** ****i'o ***** "*** ‘**4
Q
IS SS tSS SSS US ITS !SS ISS
No. Depth (m) Mi neral
c
*8
8 □ S
3
C 7. of rock
*PP-370 608 calcite -7.5 -2.7 *T
0.¥.
O * X..™
PR-126 817 calcite -6.9 -0.8 10.9
*PP-39S 905 calcite -10.0 -1.9 2.4*
*P P-399 1191 calcite -6.9 -1
.
9 6.0*
*PP—373 1345 calcite -7.9 ii. R J 0« £5*
PP-331 2310 calcite -7.5 -4. 1 5.7
PP-153 2311 calcite + 1.0 +0. 4 3.6
*PP-3S2 2346 calc i te •***• O
N
O -0 . 3 5.4*
PP-235 2629 calcite -1.2 -0 . 7 5 . 5
*PP»38B 3030 c a 1 c i te —.**7 O/ ■ jL -1 . 5 5 . 4*
*PP-404 3588 cal cite -4.9 o 0. 6 *
*PP-370 60S dolomite -1.6 _
“T O
*m. N Xm
4.0*
*PP—398 905 dolomi te -1.0 _ 1 9
* 0 4m
4. 6*
*PP—399 1191 dolomi te ***** sj1 M Xm +0.6 10.6*
*PP-373 1345 dolomi te -2.0
"7* '7
*****0 M /
3.1*
PP-1 1444 dolomi te -3.9 -6.5 7.0
PP-187 1619 dolomi te -1.6 -1.7 2. 9
PP-20 <1786 dolomi te -1.9 -1.5 3.6
PP-26 < 1 796 dolomi te -4.0 -0.9 4. 7
PP-377 1814 dolomi te -2.9 -0.9
—r '"7
o. /
PP-380 2025 dolomite + 1.0 -4 .6 6. 2
*PP-3S2 2346 dolomite —.'**? r>Xm ■ Xm + 1 .5 2. 1*
PP-383 2463 dolomi te -2. 1 -1.5 2.0
*PP-388 3030 dolomite _o 7
UL. K / -0 .2 5.8*
*PP-404 ■*T isr “T O• JOO dolomi te + 1.6 +0 - 2 3.9*
PP-373 1345 si deri te -6.2 +0 .4 0.4
PP-103 1415 si deri te -2.7
■lm N 4m
1.3
PP-377 1814 si der i te -4.8 +0 . 6 0.6
PP-380 '■> r\ our si deri te XX ■ Xm +0.3 1.2
pp- 144 2220 si der i te -2.0 +5.3 4.4
PP-383 2463 si der i te —
O O
4 n
-1.5 0.8
PP-235 o tooO XL T si deri te +2. 1
i
rr *rr
TO M O i 1 4L
*1 sotopi c data obtained through doub 1 e
extractions. "Calcite" gas was collected after one half
hour. "Intermediate
"
gas was discarded after 3 hours and
represents as much as an additional percent of carbonate
in the sample. "Dolomite" gas was collected after one
week to ten days.
IMPLICATIONS OF THE PLIO-PLEISTOCENE FOR MODELS OF GULF
COAST DIAGENESIS
Diagenetic modification of terrigenous sediments
in the Gulf of Mexico sedimentary basin has not been
uniform. This was recognized by Land (1984b) and Land
and Fisher (in prep.) in regional comparisons of
diagenesis in Eocene and Oligocene units along the Texas
coast. These early Tertiary formations share basic
characteristics! quartz and carbonate are the main
cementing agents. They differ, though, in particulars of
cement chemistry as well as in the distribution of
cementation (depth to lithification is deeper in the
Frio). This study extends this conclusion to the
youngest of the Gulf's terrigenous wedges. Figure 36
summarizes the depths of occurrence of diagenetic phases
and processes observed in the Plio-Pleistocene. The
general nature of cementation (quartz + carbonate) and
alteration of detrital minerals (albitization,
dissolution, smectite/illite transformation) matches
that seen elsewhere in the Gulf. The depth to
cementation and grain alteration is tremendously
greater.
Temperatures at the onset of these processes
however are not especially different from temperatures
90.
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Figure 36. Depth of occurrence of diagenetic products
and processes in Plio-Pleistocene sediments.
Where lines are dashed the constituent is a very
minor and sporadic component of the sediment;
where the lines are solid the constituent may
still be minor in terms of overall abundance,
but it is more or less consistently present.
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observed for similar degrees of diagenesis in older
units. Both grain alteration and significant
.
o
cementation are first observed in the realm of 90 to
100° C.
In contrast, stable isotope geochemistry
combined with petrographic inferences about cement
paragenesis suggest that cementation in the older rocks
largely preceded burial to the depth of detrital mineral
reactions (Mi Hi ken and others, 1981; Land, 1984b;
Fisher and Land, in prep.). This interpretation depends
heavily on the oxygen isotopic composition of quartz
cement which is quite heavy <"“30 permil in the? Frio and
permil in the Wilcox) and thus indicates
precipitation at low temperature C assuming
subsurface water of "“3 permil for the Frio and permil
for the Wilcox). Concomitant appearance of cements and
detrital mineral reactions in the Plio-Pleistocene
suggests that an alternative model may need to be
considered.
By slightly changing the assumption about the
isotopic composition of the fluid responsible for quartz
cementation in Eocene and Oligocene sandstones,, it is
possible to arrive at a higher temperature of quartz
o
precipitation (say, 100 C in a water of +7 o/oo), If
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this were the case, then the cementation process and
detrital mineral alterations could be viewed as
spatially related events in each of the Gulf Coast
terrigenous units. The onset of both processes closely
corresponds to lithification and all three rock
properties track one another to increasing depths as
thermal gradients decrease from older to younger units.
This scheme suggests, but does not require, that
cements are derived from materials released by one of
the detrital mineral reactions and likewise, that these
reactions are rather temperature-dependent, Fluid
volumes required to transport cement materials are
unchanged by this model and the "water-volume problem"
(e.g. Land and Dutton, 1979, Bjorlykke, 1979 H Land,
1984b) still must be resolved. Indeed, long-distance
fluid transport of materials from underlying rocks of
varying composition could be integrated with this
"temperature-dependent" model to explain variations in
the particulars of cement chemistry between the
different units.
SUMMARY OF CONCLUSIONS
1. PI i o-Pl ei stacene sands beneath the Louisiana shelf
are mostly lithic arkoses and f e?l dspathi c
litharenites. In unaltered sands plagioclase
(average anorthite content around 25 percent) is the
dominant feldspar, typically comprising about 50 to
60 percent of the total feldspar. The overall
primary detrital assemblage closely resembles the
detritus carried by the modern Mississippi River and
in terms of mineralogical stability equals or
exceeds the potential reactivity of primary detrital
assemblages in older Tertiary sediments of the Texas
Gulf coast.
2. Detrital clay minerals found in the <1 urn fraction of
mudstones include smectite, illite, kaolinite, and
chlorite. Again, this detrital assemblage matches
closely the one reported for the modern Mississippi.
3. Dissolution of potassium feldspar in sands occurs in
a zone from approximately 3700 m to 5000 m, at
.0 .0
temperatures between about 95 and 120 C.
4. Incipient albitization is evident in a few of the
deepest samples (below about 4600 m) and may also
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have affected samples in the depth range of 3300 to
4600 m.
5. Alteration of smectite by addition of illite layers
occurs below about 3500 to 4000 m but does not
advance beyond about 50 percent illite in
illite/smectite at 5000 m.
6. Burial diagenesis is a very effective agent for
modification of detrital assemblages. More
alteration of the primary detrital assemblage has
occurred during 5 km of burial over 5 million years
than in several thousand miles of transport down the
Mississippi River system (Russel, 1937).
7. As in older Tertiary formations of the Texas Gulf
coast, cementation in the Plio-Pleistocene is
dominated by carbonates and quartz. In contrast to
the older sandstones however, carbonate cementation
is rare, highly localized, and includes a more
complex assemblage of carbonates. A substantial
portion of the dolomite observed in the
Plio-Pleistocene is detrital. Also in contrast to
older units is the greater depth <approximate!y 4
km) to quartz cementation. Above this depth, the
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majority of samples are consolidated by clay matrix
or not at all.
8. Carbonates in mudstones,, which include the same
complex assemblage -found in sandstones, may also be
somewhat less abundant in comparison to mudstones in
the older Tertiary rocks of the Texas Gulf coast.
9. This study o-f the PI i o-Pl ei stocene confirms that
there has been an evolution of diagenesis during
filling of the Gulf of Mexico. It is clear that the
various wedges of Tertiary sediment are
characterized by substantial differences and, to a
degree, these differences vary systematically from
the older to the younger units and from the basin
edge to basin center.
10. A uniform model to explain this systematic
variation has not yet been devised. Such a model
will require better understanding of thermal history
as well as more information on the composition of
the older sediments onto which the Tertiary wedges
were deposited.
Point-count
data
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NUMBER
DEPTH
1
DEPTH
2
Q
F
R
NON-QFR
P/P+K
A
M
P
y.F
SIZE
SRF
VRF
MRF
EUGENE
ISLAND
PP-439
1454
443
70.70
13.
30
16.
00
1.25
72.20
5.60
22.
20
U
a
ZJT
U
a
UU
PP-430
1512
461
59.00
23.40
17.60
0.
73
0.61
41.40
0.00
4.
10
12.60
2.75
36,40
21.20
42.
40
PP-449
1867
569
72.00
15.90
12.
10
0.
25
0.
53
43.70
0,00
2.00
8.60
2.00
43.70
31.30
25.00
PP-371
2091
637
74.40
t—-
*-»■
■
CD
O
13.70
1.09
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58.00
2.50
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55.60
14,80
29.60
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74.
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14.40
11.50
0.00
0.36
0.00
29.40
19.00
6.80
2.00
65.00
15.00
20.00
PP-92
3285
1001
76.70
12.60
10.70
1.21
0.
45
0.
00
9.
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26.30
6.30
1.50
75.00
12.50
12.
50
PP-93
3300
1006
81.40
8.20
10.
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0.22
0.53
0.00
16.
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49.40
4.
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1.50
64.70
5.90
29.
40
PP-57
4662
1421
68.80
15.60
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1.46
0.41
0.00
16.70
21.90
9.40
3.00
75.00
25,00
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PP-59
4931
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64.40
20.70
14.90
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0.67
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18.
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25.40
11,60
2.75
40.90
22.
70
36.40
PP-60
4932
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57.
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18.30
24.60
1.30
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21.00
10.40
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50.00
29.50
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PP-66
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59.70
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17.80
4.00
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26.50
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19.20
17.80
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27.00
13.80
10.90
4.00
81.80
4.50
13.60
PP-44
8584
2616
59.50
27.90
12.60
1.43
0.58
36.70
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9.30
14.80
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38.90
38.
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22.20
PP-49
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55.80
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0.67
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1
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11.40
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0.00
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15.60
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11.10
PP-
157
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11.00
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8046
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47.
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—
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33.30
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74.90
15.50
9.
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0.
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0.48
0.00
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36.20
8,90
3.25
35,30
11.80
52.90
PP—309
10934
3333
79,80
14.30
5.90
0,
00
0.54
1.30
21.40
24.80
7.70
2.50
44.40
11.10
44.40
PP-247
10942
3335
58.40
27.90
13.
70
3.57
0,
73
0.
00
42.90
3.30
14.00
3.25
28.60
66.
70
4.70
PP-248
10951
3338
59.80
13.70
26.50
1.99
0.52
0.
00
0.00
31.80
9.
10
2.25
27.70
46.80
25.
50
PP-252
10965
3342
59.
70
16.50
23.90
0.59
0.
78
0.00
1.50
26.50
11.80
3.50
27.30
15.
10
57.60
PP-253
10969
3343
70.
10
10,
40
19.50
0.00
0.50
0.00
5.70
22.30
7.50
3.00
50.00
36.70
13.
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PP-474
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65.20
23.70
11.10
0.32
0.
51
1.00
15.
10
17.60
15.70
3.00
38.
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14.30
47.60
PP-312
12569
3831
54.80
18.00
27.20
0.
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0.76
0.00
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44.50
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3.25
39.50
39.50
21.00
PP—260
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65.80
14.40
19.80
0.
50
0.
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0.00
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33.
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8.00
3.75
64.50
6.50
29.00
PP-261
1
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3976
72.90
20.90
6.
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4.34
0.63
0.00
52.50
0.00
9.00
3.25
50.00
50.00
0.00
PP-273
14448
4404
66.90
17.00
16.
10
2.27
0.65
0.00
53.00
0.00
7.60
3.
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50.00
31.20
18.80
PP-275
14484
4415
60.30
13.
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26.60
1.
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0.
73
2.
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2.70
25.90
8.90
3.00
27.50
20.00
52.40
PP-278
14592
4448
74.30
16.50
9.20
0.00
0,68
0.
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20.20
24.70
9.00
3.00
50.00
28.60
21.
40
PP-288
16556
5046
80.
10
13.
10
6.80
3.34
1.00
0.00
47,40
0.00
6.50
4.00
87.50
0.00
12.50
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APPENDIX 2.
Electron microprobe data
Feldspars
100
NUMBERDEPTH DEPTH N Q F 0 P/P+K X AN<AN 2 >AN 30 SIZE
MISS R 0 0 291 70.80 17.50 11.70 0. 65 26.80 6 50 2. 75
PP-439 1454 443 211 82.50 14.70 2.80 0. 59 13.30 15 0 1.50
PP-129 2728 831 239 77.00 15.90 7. 10 0. 49 22.50 14 36 2.00
PP-130 2741 835 190 76.30 17.40 6. 30 0.46 31.10 0 47 2.25
PP-93 3300 1006 363 84.00 11.00 5.00 0. 52 20.20 6 22 1.25
PP-95 3385 1032 156 75.00 19.20 5.80 0.37 13.90 18 0 1.50
PP-101 4632 1412 391 90.80 7.40 1.80 0. 60 22.90 18 41 2.25
PP-57 4662 1421 131 86.20 9.20 4.60 0. 44 28.00 0 43 2. 25
PP-138 4704 1434 261 76.60 17.20 6. 10 0. 60 37.40 8 35 2.25
PP-109 5194 1583 196 71.40 20.40 8.20 0.50 33.00 6 63 2. 75
PP-66 5345 1629 121 61.10 25.60 13.20 0. 75 19.80 19 19 4.00
PP-17 5854 1784 145 66.20 26.20 7.60 0.66 13.60 32 18 4.00
PP-23 5876 1791 0.69 19.90 9 18 3.25
PP-196 6283 1915 397 85. 10 10. 10 4. 80 0.31 20.90 18 36 1.50
PP-38 6334 1931 145 86.90 7.60 5. 50 0. 55 18.30 9 17 2.00
PP-74 6681 2036 187 67.40 22.50 10.20 0.55 31.50 10 30 3.00
PP-357 7040 2146 168 72,00 23.20 4.80 0.67 26.70 12 46 3. 50
PP-119 7323 2232 181 63.50 21.00 15.50 0.70 21.50 22 37 2.50
PP-81 7456 2273 114 65. SO 31.60 2.60 0. 50 32. 10 8 54 2.25
PP—826 8268 2520 0.36 25.30 0 50 2.00
PP-45 8587 2617 225 76.00 21.80 2. 20 0.58 29.90 5 52 3.75
PP-173 8883 2708 254 75.60 16. 10 8. 30 0.62 24.20 a 46 2.75
PP—771 8983 2738 0.59 28.80 7 53 3.25
PP-54 9167 2794 160 68. 10 26.30 5.60 0.67 17.90 5 25 4.00
PP-172 9747 2971 0.67 19.20 12 46 3.75
PP-343 10042 3061 115 60.90 34.80 4.30 0.56 28.00 10 50 3.75
PP-308 10929 3331 397 86.70 11,80 1.50 0.43 11.70 31 6 3.00
PP-247 10942 3335 324 84.90 8.90 6. 20 0.67 12.80 25 25 2. 75
PP-311 11896 3626 272 72.40 17.30 10. 30 0.50 17.60 32 27 3. 25
PP-176 12140 3700 193 73.60 20. 70 5.70 0.75 26.50 3 45 3. 75
PP-180 12163 3707 106 63.20 25.50 11.30 0.67 20. 10 19 38 4.00
PP—183 12855 3918 240 83.30 10.40 6.30 0.82 17.50 1 1 11 3. 25
PP-186 12859 3919 0.74 15.80 18 22 3.25
PP-263 13104 3994 271 81.90 13.70 4. 40 0.63 15. 10 20 30 2.25
PP-222 14033 4277 283 84. 10 14.80 1. 10 0.78 20.20 33 33 3.75
PP-270 14355 4375 340 88.50 9. 10 2.40 0.87 13. 40 15 15 3. 50
PP-159 14357 4376 118 66. 10 27. 10 6.80 0.79 20.00 12 32 3.25
PP-275 14484 4415 160 65.00 25.00 10.00 0.73 25.70 7 37 3.00
PP-497 14823 4518 213 74.60 19.70 5.60 0.71 18.90 22 26 3.50
PP-157 14933 4552 0.85 15. 10 17 14 3.50
PP-282 15369 4684 296 76.00 10.50 3.40 0.83 10. 10 37 4 2.75
PP-288 16556 5046 241 SO. 10 12.40 7.50 1.00 6.70 40 0 4.00
0 8095 75.68 17.89 6. 14
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